Abstract Singe crystals of a new high-temperature polymorph of Na 2 Ca 6 Si 4 O 15 have been obtained from solid state reactions performed at 1300°C. The basic crystallographic data of this so-called β-phase at ambient conditions are as follows: space group P1c1, a = 9.0112(5) Å, b = 7.3171(5) Å, c = 10.9723(6) Å, β = 107.720(14)°, V = 689.14(7) Å 3 , Z = 2. The crystals showed twinning by reticular merohedry (mimicking an orthorhombic C-centred unit cell) which was accounted for during data processing and structure solution. Structure determination was accomplished by direct methods. Least-squares refinements resulted in a residual of R(|F|) = 0.043 for 5811 observed reflections with I > 2σ(I). From a structural point of view β-Na 2 Ca 6 Si 4 O 15 can be attributed to the group of mixed-anion silicates containing [Si 2 O 7 ]-dimers as well as isolated [SiO 4 ]-tetrahedra in the ratio 1:2, i.e. more precisely the formula can be written as Na 2 Ca 6 [SiO 4 ] 2 [Si 2 O 7 ]. The tetrahedral groups are arranged in layers parallel to (100). Sodium and calcium cations are located between the silicate anions for charge compensation and are coordinated by six to eight nearest oxygen ligands. Alternatively, the structure can be described as a mixed tetrahedral-octahedral framework based on kröhnkite-type [Ca(SiO 4 ) 2 O 2 ]-chains in which the CaO 6 -octahedra are corner-linked to bridging SiO 4 -tetrahedra. The infinite chains are running parallel to [001] and are concentrated in layers parallel to (010). Adjacent layers are shifted relative to each other by an amount of +δ or −δ along a*. Consequently, a … ABABAB… stacking sequence is created. A detailed comparison with related structures such as α-Na 2 Ca 6 Si 4 O 15 and other A 2 B 6 Si 4 O 15 representatives including topological as well as group theoretical aspects is presented. There are strong indications that monoclinic Na 2 Ca 3 Si 2 O 8 mentioned in earlier studies is actually misinterpreted β-Na 2 Ca 6 Si 4 O 15 . In addition to the detailed crystallographic analysis of the previously unknown compound our results will also help to improve the interpretation of the phase relationships between the compounds in the ternary system Na 2 O-CaO-SiO 2 which are of interest for several applications related to the field of applied mineralogy and materials science.
Introduction
Among the silicates containing alkali and alkaline earth cations the compounds belonging to the system Na 2 O-CaO-SiO 2 have attracted the most attention. This is not really surprising, because the silica rich part of this system is of fundamental importance for manufacturing of so-called soda-lime-glasses which are the major commercial types used for the production of hollow and flat glasses such as containers or windows, respectively (Varshneya 1994; Shelby 2009 ).
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Since the landmark paper of Morey and Bowen (1925) , several subsequent studies focused on the phase relationships as well as melting temperatures and melting behaviour of sodium calcium silicates (Thilo 1951; Segnit 1953; Glasser 1970, 1971; Moir and Glasser 1974; Garza Montoya et al. 2003; Zhang et al. 2011; Knowles and Thompson 2014) . However, especially the earlier investigations frequently lacked precise knowledge of the chemical formulas of the proposed phases. Therefore, many of the compounds disclosed in these phase equilibrium studies had to be later characterized by diffraction methods not only for the determination of their crystal structures but also for proving their suggested chemical compositions, i.e. structure analysis played the role of a convenient analytical probe. In the meantime crystal structure investigations have been performed for the following compounds: Na 2 CaSiO 4 (Dollase and Ross 1991) , Na 2 Ca 3 Si 3 O 10 (Treushnikov et al. 1971) , Na 4 CaSi 3 O 9 (Fischer and Tillmanns 1984) , α-Na 2 Ca 2 Si 3 O 9 (Ohsato et al. 1990 ), β-Na 2 Ca 2 Si 3 O 9 (Fischer and Tillmanns 1987) , Na 2 CaSi 2 O 6 (Ohsato et al. 1985) , Na 2 Ca 3 Si 6 O 16 (Ihara et al. 1984; Kahlenberg et al. 2010) , Na 2 Ca 2 Si 2 O 7 (Kahlenberg and Hösch 2002) and Na 2 Ca 6 Si 4 O 1 5 (Armbruster and Röthlisberger 1990 ).
Due to their large variety in chemical composition the group of sodium-calcium-silicates is an excellent pool for the crystallographer to study the influence of the ratios between tetrahedrally and non-tetrahedrally coordinated cations on the topology of the resulting crystal structures. A summary of their structural characteristics can be found in Kahlenberg and Hösch (2002) .
However, there is still a large number of ternary compounds in the system Na 2 O-CaO-SiO 2 that have been mentioned in the literature for which no or only basic crystallographic data in terms of unit cell parameters are available. Therefore, to a certain extent suspicion has to be attached to their existence. One of the phases belonging to this group is Na 2 Ca 3 Si 2 O 8 or Na 2 O × 3CaO × 2SiO 2 . To the best of our knowledge, Maki (1969) was the first who presented some information about this compound. According to his study which aimed on the preparation of new alkali oxide containing Ca 2 SiO 4 analogues, a stable triclinic and a metastable monoclinic modification of Na 2 Ca 3 Si 2 O 8 have to be distinguished. The monoclinic form could be prepared at 1300°C and transformed slowly into a triclinic phase after prolongated annealing for more than 100 h at this temperature. He also presented indexed powder diffraction patterns of both polymorphs having the following sets of lattice parameters: triclinic form: a = 5.47 Å, b = 7.32 Å, c = 9.02 Å, α = 91.37°, β = 107.70, γ = 89.80°; monoclinic form: a = 10.99 Å, b = 7.33 Å, c = 9.01 Å, β = 107.75°. Maki's efforts to index the powder patterns of both low-symmetry compounds from laboratory data cannot be appreciated enough. His high quality data were later used for creating the entries 00-023-0668 and 00-023-0670, respectively, of the PDF-4 Powder Diffraction File database issued by the International Centre for Diffraction Data (ICDD). These entries in turn were the primary source for phase identification of polycrystalline Na 2 Ca 3 Si 2 O 8 in several subsequent papers using diffraction methods (Zhang et al. 2009; Kuo 2014; Jin et al. 2015; Fu and Hu 2016) . Unfortunately, however, Maki did not perform a more detailed chemical analysis of his synthesis products.
The surprising lack of knowledge concerning more detailed crystallographic data on Na 2 Ca 3 Si 2 O 8 prompted us to include this phase into an ongoing long-time study on the phase relationships and the crystal chemistry of silicates containing alkali as well as alkaline earth oxides. In this publication we present our results indicating that -at least -monoclinic Na 2 Ca 3 Si 2 O 8 probably corresponds to a previously unknown high-temperature modification of Na 2 Ca 6 Si 4 O 15 .
Experimental details Synthesis
Synthesis experiments of ternary oxides with the molar ratio Na 2 O:CaO:SiO 2 = 1:3:2 were based on mixtures of the following dried educts: Na 2 CO 3 (Alpha Aesar, 99.9 %), CaCO 3 (Merck, >99.9 %) and quartz (AlfaAesar, 99.995 %). The starting materials were homogenized for 45 min under ethanol in a planetary mill with 600 r.p.m., dried over night at 60°C (in order to completely remove the ethanol) and stored in a desiccator. Afterwards, the educts were pressed into pellets (approximately 0.5 g, each having a diameter of 12 mm and a thickness of about 3 mm) and dried again at 300°C. A single pellet was transferred into an open platinum crucible, placed into a resistance heated furnace and fired from 300°C with a heating ramp of 50°C per hour to 1300°C. The crucible was removed after 44 h and finally quenched in air. Weight loss was determined from weight difference before and after heating.
Assuming a complete disintegration of the carbonates, one would expect a theoretical weight loss of 33.44 %. The corresponding value of our synthesis experiment performed at 1300°C was 39.51 %, i.e. the experimentally determined loss is much higher. It seems to be likely to attribute the excess weight loss to an evaporation of Na 2 O, which is known to be the most volatile oxide in this system.
A first inspection of the run-product indicated the presence of single crystals up 100 μm in diameter embedded in a polycrystalline matrix. The crystals could be separated mechanically. First investigations using a petrographic microscope showed that the optical quality of the colorless transparent crystals was only moderate. Except for very small samples most of the crystals exhibited undulose extinction when observed under crossed polarizers. 
Single-crystal diffraction
Several single crystals of apparently good optical quality were fixed on the top of glass fibres with nail polish and examined on a Stoe IPDS-II imaging-plate diffractometer at room conditions. Many samples, however, showed reflections which were radially elongated making them unsuitable for more detailed data collections. Therefore, we focused on one of those that were of better diffraction quality. At a first glance, the diffraction pattern could be indexed with an orthorhombic C-centred unit cell. The corresponding lattice parameters had values of a OR = 34.332(2) Å, b OR = 10.9723(6) Å and c OR = 7.3171(5) Å. However, a more detailed inspection using precession-type reconstructions of reciprocal space revealed systematic absences that were not compatible with any orthorhombic space group. Actually, the diffraction pattern could be explained as the result of twinning by reticular merohedry of two monoclinic primitive individuals mimicking orthorhombic symmetry. Principally, two classes of reflections could be distinguished containing (i) contributions from only one domain each (complete separation) and (ii) contributions from both domains (complete overlap). The program X-Area (Stoe & Cie GmbH 2005) of the STOE diffractometer software package was employed to isolate the diffraction spots Theta range for data collection 2.37 to 26.75°I ndex ranges −11 < = h < =11, −9 < = k < =9, −13 < = l < =12
Reflections collected 7478
Observed coming from the two different orientations of the domains. The diffraction peaks were indexed independently and the superimposed diffraction patterns were integrated simultaneously. Integration was repeated twice (with and without overlap check) for each twin domain. After transformation to monoclinic second setting the following lattice parameters were obtained for the domain I with the higher mean intensity: a = 9.0112(5) Å, b = 7.3171(5) Å, c = 10.9723(6) Å, β = 107.720 (14) ). U(eq) is defined as one third of the trace of the orthogonalized U ij tensor. The positions M(1) and M(3), respectively, represent mixed Na/Ca-sites with the following occupancies: M(1): 84(2)% Ca/16(2)% Na and M(3): 16(2)% Ca/ 84(2)% Na
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. The chemical formula derived from the structure analysis corresponds to Na 2 Ca 6 Si 4 O 15 and is in excellent agreement with the results from the electron microprobe analysis. The optimized atomic coordinates, anisotropic displacement parameters as well as selected interatomic distances and angles are given in Tables 2, 3 
Results

Description of the crystal structure
The present phase represents a second polymorph of Na 2 Ca 6 Si 4 O 15 . For sake of clarity the already known modification first described by Armbruster and Röthlisberger (1990) and the new form will be designated α-and β-Na ]-dimers for charge compensation. In more detail, a total of eight symmetrically independent non-tetrahedral positions can be distinguished. With regard to the distribution of the Si-O bond lengths of the anion groups a pronounced distortion of the tetrahedra can be noticed. The spread of the Si-O distances ranges from 1.562-1.655 Å. Nevertheless, the observed values are in accordance with accepted values for silicate structures (Liebau 1985) . The distortion is also reflected in the O-Si-O angles ranging from 101.3°to 117.8°. The average <O-Si-O> angles are, however, very close to those observed for an undistorted tetrahedron. The distortions can be expressed numerically via the quadratic elongations λ and the angle variances σ 2 (Robinson et al. 1971) . The values of these parameters for the four crystallographically independent Si (1) 8 (1) 14 (1) 10(1) −2(1)
Si (2) 14 (1) 10 (1) 16 (2) 1(1) 7(1) −3(1)
Si (3) 9 (1) 13 (1) 11 (1) 
torsion angles <(O(1)-Si(4)-S i ( 3 ) -O ( 1 4 ) ) = − 1 9 . 3 ( 9 )°, < ( O ( 6 ) -S i ( 4 ) -S i ( 3 ) -O(4)) = −21.8(9)°and <(O(15)-Si(4)-Si(3)-O(9)) = −19.1(9)°s
how that the conformation of the dimer can be considered as eclipsed. Initial site population refinements of the sodium and calcium ions on the non-tetrahedrally coordinated sites revealed that five out of eight positions are exclusively occupied by Ca ions (Ca(2), Ca(4), Ca(5), Ca(6) and Ca (7)), whereas the Na(8) position is a pure Na-site. The Na/Ca-distributions on the remaining two sites were optimized using the constraint that both positions are fully occupied. The derived populations (resulting in a charge balanced composition) are as follows: M(1): 84(2)% Ca/16(2)% Na and M(3): 16(2)% Ca/84(2)% Na. The positions Ca(2) and Ca(4) are coordinated by six nearest oxygen neighbors in form of distorted octahedra. Each octahedron shares common corners with four adjacent insular tetrahedra and two different [Si 2 O 7 ]-dimers. The coordination spheres of the remaining Na/Ca-sites are much more irregular involving 7-8 oxygen ligands. Alternatively, the structure can be described as a mixed tetrahedral-octahedral framework (see Fig. 2a ). Within this network, infinite chains running parallel to [001] can be identified, in which the [CaO 6 ]-octahedra are corner-linked to bridging [SiO 4 ]-tetrahedra (see Fig. 3a ). These so-called Bkröhnkite-type^chains (named after the mineral kröhnkite, Na 2 Cu(SO 4 ) 2 × 2H 2 O) are well known . In the present compound, these chains are located in 4.55 Å wide layers running parallel to (010). Adjacent sheets are shifted relative to each other by an amount of +δ or −δ. Consequently, a …ABABAB… stacking sequence is created, where chains of neighboring layers are linked by corner sharing of common oxygen atoms (see Fig. 2a ). The resulting three-dimensional network contains tunnel-like cavities in which the remaining more irregularly coordinated Na-and Ca-ions are incorporated. Principally, the α-form first described by Armbruster and Röthlisberger (1990) shows the same structure motifs. However, in this polymorph a four layer stacking …ABCDABCD… of the chains is observed. The series of relative shifts is…+δ,+δ,−δ,−δ,+δ,+δ,… (see Fig. 2b (Arroyabe et al. 2009 ) and Na 2 Ba 6 Si 4 O 15 (Tamazyan et al. 1987 ) also belong to this family of crystal structures. Table 5 presents a summary of the basic crystallographic data of these materials. It is obvious, that the translation period of the kröhnkite-type chains of about 5.5-5.6 Å is reflected in one of the lattice parameters of each phase. Furthermore, the comparisons of (i) the unit cell metrics as well as (ii) the graphical representations of β-Na 2 Ca 6 Si 4 O 15 and Na 2 Ba 6 Si 4 O 15 given in Figs. 2a/c and 3a/b point to a closer relationship between both compounds. In order to characterize the four mixed tetrahedral-octahedral frameworks in more detail a topological analysis has been performed using (Blatov 2012) . Therefore, the crystal structures have been described by graphs composed of the vertices (sites of the tetrahedrally and octahedrally coordinated cations as well as O anions) and edges (bonds) between them. The nodes of the graph can be classified according to their coordination sequences {N k }. They represent a set of integers {N k } (k = 1,..,n), where N k is the number of sites in the kth coordination sphere of the respective atom that has been selected to be the central one. The corresponding values for the relevant symmetrically independent cation sites up to n = 10 (without the oxygen nodes) are listed in Table 6 . Furthermore, the corresponding extended point symbols listing all shortest circuits for each angle for any non-equivalent atom have been determined. Furthermore, so-called polyhedral microensembles or PME's were constructed for β-Na 2 Ca 6 Si 4 O 15 . On the lowest sublevel they are formed for each octahedron and tetrahedron in the asymmetric unit by considering all directly bonded [MO 6 ]-and [TO 4 ]-groups. They represent a geometrical interpretation of the coordination sequences up to the index k = 3. The PME's of the first sublevel observed for the M nodes can be described as follows: each [MO 6 ]-octahedron is immediately linked to six tetrahedra (see Fig. 4a ). According to the classification given by Ilyushin and Blatov (2002) based on the calculation of the coordination sequences up to k = 3 (including the oxygen atoms) the PME's can be denoted as {6,6,18} (for Ca(2) and Ca (4)). For the PME's of the four crystallographically independent tetrahedral T (Si) nodes two groups of ensembles can be distigushed: {4,4,20} (for Si(1) and Si(2)) as well as {4,3,13} (for Si(3) and Si(4)) (see Fig. 4b and c) .
The similarity between the values of the lattice parameters of Na 2 Ba 6 Si 4 O 15 and β-Na 2 Ca 6 Si 4 O 15 as well as the topological equivalence of their mixed frameworks prompted us to look for further structural correlations based on group theoretical considerations. First of all, the space group types of Na 2 Ba 6 Si 4 O 15 (P12 1 /c1) and β-Na 2 Ca 6 Si 4 O 15 (P1c1) are in a g r o u p -s u b g r o u p r e l a t i o n s h i p , i . e . P 1 c 1 is a translationengleiche subgroup of index 2 of P12 1 /c1. For a more detailed analysis the program STRUCTURE RELATIONS available via the web site of the Bilbao Crystallographic Server was employed (Tasci et al. 2012) . The software is able to find relations between a crystal structure S with space group symmetry H when it can be derived from a virtual or real parent structure in a higher symmetry G using a left coset decomposition of G with respect to H: G = H + g 2 H +…+ g n H. In the next step the structure S to be tested is compared with the transformed structures g i S. If the differences between the corresponding pairs of atoms in S and g i S are below a certain threshold Δ max , a relationship is indicated. In the present case a relation between Na 2 Ba 6 Si 4 O 15 and β-Na 2 Ca 6 Si 4 O 15 is suggested if a maximum tolerance of 2 Å for the shifts between corresponding atoms is allowed. Both structures are related according to the following transformation (P,p): a,b,c (0.0041,-¼,-0.0098), i.e. the sequence of the lattice parameters is not changed. However, an origin shift has to be applied. corresponding atoms in both structures is relatively small and has a value of 0.172 Å.
Discussion
As mentioned in the experimental section a pronounced weight loss due to evaporation of Na 2 O was observed shifting the bulk composition of the sample away from Na 2 Ca 3 Si 2 O 8 located on the tie-line Ca 2 SiO 4 -Na 2 CaSiO 4 . This result is also of importance, because previous synthesis experiments by Maki (1969) and other groups were performed under similar conditions concerning temperature treatment of the samples. Therefore, it can be anticipated that the above mentioned substantial Na 2 O losses must have occurred in the older experiments as well. Na 2 Ca 3 Si 2 O 8 (starting composition and chemical formula suggested by Maki) and Na 2 Ca 6 Si 4 O 15 (the composition determined for our crystals) can be related by the following equation: 2 Na 2 Ca 3 Si 2 O 8 -> Na 2 Ca 6 Si 4 O 15 + Na 2 O, i.e. the requested change of the bulk composition to produce a Tables 1 and 2 ; for the calculations the program FullProf.2 k (Rodriguez-Carvajal 2011) has been employed (λ = 1.54056 Å, Bragg-Brentano geometry, TCH-pseudo Voigt functions) and (b) the experimental powder pattern from PDF-entry no. 00-023-0670 for monoclinic Na 2 Ca 3 Si 2 O 8 based on the data reported by Maki (1969) phase pure Na 2 Ca 6 Si 4 O 15 sample could be simply induced by partial volatilization of the sodium oxide component. Of course, in case that the Na 2 O losses are lower than needed for the reaction to be complete other phases such as Na 2 CaSiO 4 or Ca 2 SiO 4 , for example, have to be present as well.
Furthermore, there is a striking similarity between Maki's postulated monoclinic Na 2 Ca 3 Si 2 O 8 -phase and β-Na 2 Ca 6 Si 4 O 15 not only what concerns the unit cell parameters but also what concerns the principle distribution of the relative intensities. The comparison between the calculated powder diffraction pattern of β-Na 2 Ca 6 Si 4 O 15 and the data for Na 2 Ca 3 Si 2 O 8 based on the PDF-entry 00-023-0670 is given in Fig. 5 . The remaining small differences could be due to slightly different distributions of the Na/Ca atoms on the non-tetrahedrally coordinated sites, for example. In summary one can say that there are strong indications that monoclinic Na 2 Ca 3 Si 2 O 8 is actually misinterpreted β-Na 2 Ca 6 Si 4 O 15 .
This leaves the question whether Maki's triclinic Na 2 Ca 3 Si 2 O 8 polymorph may de facto also correspond to a further Na 2 Ca 6 Si 4 O 15 modification. If so, several very recent publications on the luminescent properties of REE-doped Na 2 Ca 3 Si 2 O 8 where phase identification was solely based on the evaluation of powder diffraction patterns using the PDFentry 00-023-0668 have to be revised (Jin et al. 2015; Fu and Hu 2016) .
Finally, we would like to point out that single-crystals of α-Na 2 Ca 6 Si 4 O 1 5 were obtained by Armbruster and Röthlisberger (1990) as a by-product in experiments aiming on the synthesis of silicate-germanate melilite-type compounds using NaOH solutions under hydrothermal conditions (0.2 GPa, 700°C). So far, however, this compound has not been mentioned in any of the previous phase equilibrium studies. The results of our investigation demonstrate that at least another polymorph of Na 2 Ca 6 Si 4 O 15 can be prepared by standard ceramic methods without any application of pressure. This indicates that Na 2 Ca 6 Si 4 O 15 has a stability field in the system Na 2 O-CaO-SiO 2 at ambient pressure and that additional phase analytical studies are necessary to clarify this point. Notably, more than ninety years after the first comprehensive study of Morey and Bowen (1925) this ternary system still holds many surprises.
